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HEAT EXCHANGER HAVING CONVOLUTED
FIN END AND METHOD OF ASSEMBLING
THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a continuation-in-part of U.S.
patent application Ser. No. 12/061,191, filed Apr. 2, 2008, and
1s also a continuation-in-part of PCT Patent Application
Serial Number PCT/US2008/051747, filed Jan. 23, 2008,
which claims priority to U.S. Provisional Application Ser.
No. 60/881,919 filed Jan. 23, 2007, the entire contents of

which are hereby incorporated by reference.

FIELD OF THE INVENTION

The present invention relates to heat exchangers and more
particularly, to a fin for an exhaust gas recirculation cooler

and a method of forming the same.

SUMMARY

In some embodiments, the present imnvention provides a
heat exchanger for transferring heat between a first working,
fluid and a second working fluid. The heat exchanger can
include a pair of spaced apart headers, a number of tubes
extending between the pair of headers and providing a flow
path for the first working tluid and being positioned along a
flow path for the second working fluid, and a fin supportable
in one of the tubes and having a fold extending 1n a direction
substantially parallel to a length of the one of the tubes
between the pair of headers. The fin can include a number of
recesses extending into and spaced along the fold.

The present invention also provides a heat exchanger for
transierring heat between a first working fluid and a second
working fluid including a pair of spaced apart headers, a
number of tubes extending between the pair of headers and
providing a flow path for the first working flud and being
positioned along a flow path for the second working fluid, and
a {in supportable 1n one of the tubes and having a fold extend-
ing 1n a direction substantially parallel to the flow path for the
first working fluid through the tubes. The fold can define first
and second legs of the fin. A recess can be formed on the first
leg and a protrusion can be formed on the second leg opposite
to the recess on the first leg.

In some embodiments, the present imnvention provides a
heat exchanger for transierring heat between a first working,
fluid and a second working fluid including a pair of spaced
apart headers, a number of tubes extending between the pair
of headers and providing a tlow path for the first working fluid
and being positioned along a flow path for the second working
fluid, and a fin supportable 1 one of the tubes and having a
serpentine fold extending in a direction substantially parallel
to a length of the tube between the pair of headers.

The present invention also provides a heat exchanger for
transierring heat between a first working fluid and a second
working fluid including a corrugated fin positionable along a
flow path of the first working fluid between adjacent tube
walls and operable to increase heat transier between the first
working fluid and the second working fluid. The fin can
include a leg defined between adjacent folds and a plurality of
convolutions extending inwardly from a distal end of the leg
and terminating at different distances from the end.

In some embodiments, the present imnvention provides a
corrugated fin for a heat exchanger, the heat exchanger having
a flow path of a first working tluid and a tlow path of a second
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working tluid and being operable to transier heat between the
first and second working fluids. The fin can include a leg
defined between adjacent folds and positionable along the
flow path of the first working fluid and a plurality of convo-
lutions extending inwardly from a distal end of the leg and
having different lengths in the direction of the flow of the first
working tluid along the flow path.

The present invention also provides a method of forming a
heat exchanger for transierring heat between a first working
fluid and a second working fluid. The method can include the
acts of corrugating a fin to define a plurality of legs and
forming a plurality of convolutions along one of the plurality
of legs, the plurality of convolutions extending inwardly from

a distal end of the leg and terminating at different distances
from the end.

Other aspects of the mvention will become apparent by
consideration of the detailed description and accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a bottom perspective view of a heat exchanger
according to some embodiments of the present invention.

FIG. 2 1s a partially cut-away view of a portion of the heat
exchanger shown 1n FIG. 1.

FIG. 3 1s an exploded perspective view of a portion of a
tube and a fin of the heat exchanger shown 1n FIG. 1.

FIG. 4 15 a perspective view of a portion of the fin shown 1n
FIG. 3.

FIG. 5 1s an exploded perspective view of a portion of a
tube and a fin according to an alternate embodiment of the
present 1nvention.

FIG. 6 15 a perspective view of a portion of the fin shown 1n
FIG. 5.

FIG. 7 1s a top view of a partially formed fin that can be
manufactured according to the method shown 1n FIG. 9.

FIG. 8 1s a perspective view of a partially formed fin that
can be manufactured according to the method shown 1n FIG.
10.

FIG. 9 1illustrates a method for forming the fin shown 1n
FIG. 5.

FIG. 10 illustrates another method for forming the fin
shown 1n FIG. 5.

FIG. 11 1s a perspective view of a section of the fin forming
device shown in FIG. 10.

FIG. 12 1s a perspective view of a portion of a heat
exchanger fin according to some embodiments of the present
ivention.

FIG. 13 1s a perspective view of a portion of a heat
exchanger fin according to some embodiments of the present
ivention.

FIG. 14 1s a perspective view of a portion of a heat
exchanger fin according to some embodiments of the present
invention.

DETAILED DESCRIPTION

Belore any embodiments of the invention are explained 1n
detail, 1t 1s to be understood that the invention 1s not limited in
its application to the details of construction and the arrange-
ment of components set forth in the following description or
illustrated in the following drawings. The invention is capable
of other embodiments and of being practiced or of being
carried out 1n various ways. Also, 1t 1s to be understood that
the phraseology and terminology used herein 1s for the pur-
pose of description and should not be regarded as limiting.
The use of “including,” “comprising,” or “having” and varia-
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tions thereof herein 1s meant to encompass the items listed
thereafter and equivalents thereof as well as additional 1tems.

Unless specified or limited otherwise, the terms
“mounted,” “connected,” “supported,” and “coupled” and
variations thereof are used broadly and encompass both direct
and 1ndirect mountings, connections, supports, and cou-
plings. Further, “connected” and “coupled” are not restricted
to physical or mechanical connections or couplings.

Also, 1t 1s to be understood that phraseology and terminol-
ogy used herein with reference to device or element orienta-
tion (such as, for example, terms like *“‘central,” “upper,”
“lower,” “front,” “rear,” and the like) are only used to simplily
description of the present invention, and do not alone indicate
or imply that the device or element referred to must have a
particular orientation. In addition, terms such as “first” and
“second” are used herein for purposes of description and are
not intended to indicate or imply relative importance or sig-
nificance.

FIGS. 1-4 1llustrate a heat exchanger 10 according to some
embodiments of the present invention. In some embodiments,
including the illustrated embodiments of FIGS. 1-4, the heat
exchanger 10 can operate as an exhaust gas recirculation
cooler (EGRC) and can be operated with the exhaust system
and/or the emission system of a vehicle. In other embodi-
ments, the heat exchanger 10 can be used in other (e.g.,
non-vehicular) applications, such as, for example, 1 elec-
tronics cooling, industrial equipment, building heating and
air-conditioning, and the like. In addition, 1t should be appre-
ciated that the heat exchanger 10 of the present invention can
take many forms, utilize a wide range of matenals, and can be
incorporated into various other systems.

During operation and as explained 1n greater detail below,
the heat exchanger 10 can transfer heat from a high tempera-
ture first working fluid (e.g., exhaust gas, water, engine cool-
ant, CO,, an organic refrigerant, R12, R245fa, air, and the
like) to a lower temperature second working fluid (e.g., water,
engine coolant, CO,, an organic refrigerant, R12, R2431a, arr,
and the like). In addition, while reference 1s made herein to
transferring heat between two working fluids, 1 some
embodiments of the present invention, the heat exchanger 10
can operate to transfer heat between three or more fluids.
Alternatively or 1n addition, the heat exchanger 10 can oper-
ate as a recuperator and can transfer heat from a high tem-
perature location of a heating circuit to a low temperature
location of the same heating circuit. In some such embodi-
ments, the heat exchanger 10 can transier heat from a working
fluid traveling through a first portion of the heat transfer
circuit to the same working fluid traveling through a second
portion of the heat transfer circuit.

As shown 1n FIGS. 1 and 2, the heat exchanger 10 can
include a first header 18 and a second header 20 positioned at
respective first and second ends 22, 24 of a stack of heat
exchanger tubes 26 having outer surfaces 28 (shown in FIGS.
1, 3, and 5). In the 1llustrated embodiment of FIGS. 1-4, the
first end 22 1s secured to a first collecting tank 30 and the
second end 24 1s secured to a second collecting tank 32. In
other embodiments, the heat exchanger 10 can include a
single header 18 and/or a single tank 30 located at one of the
first and second ends 22, 24 or at another location on the heat
exchanger 10.

As shown 1n FIGS. 1 and 2, each of the tubes 26 can be
secured to the first and second headers 18, 20 such that a first
working tluid tlowing through the heat exchanger 10 1s main-
tained separate from a second working fluid flowing through
the heat exchanger 10. More specifically, the heat exchanger
10 defines a first tlow path (represented by arrows 34 1n FIG.
1) for the first working fluid and a second flow path (repre-
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sented by arrows 36 1n FIG. 1) for a second working fluid, and
the first and second flow paths 34, 36 are separated such that
the first working fluid 1s prevented from entering the second
flow path 36 and such that the second working fluid 1s pre-
vented from entering the first flow path 34.

In some embodiments, such as the illustrated embodiment,
the tubes 26 are secured to the first and second headers 18, 20
and the first and second tanks 30, 32 such that the first work-
ing tluid enters the heat exchanger 10 through a first inlet
aperture 40 1n the first tank 30, travels through the tubes 26 of
the heat exchanger 10 along the first flow path 34, and 1s
prevented from entering the second flow path 36. In these
embodiments, the tubes 26 can be secured to the first and
second headers 18, 20 and the first and second tanks 30, 32
such that the second working fluid enters the heat exchanger
10 through a second 1nlet aperture 42 1n the second tank 32,
travels through the heat exchanger 10 along the second flow
path 36 between the tubes 26, and 1s prevented from entering
the first tlow path 34.

In other embodiments, the tubes 26 can have other orien-
tations and configurations and the first and second tlow paths
34, 36 can be maintained separate by dividers, fins, partitions,
and the like. In still other embodiments, the first flow path 34
can extend through some of the tubes 26 while the second
flow path 36 can extend through other tubes 26.

As shown 1n FIG. 2, the headers 18, 20 can have apertures
s1zed to recetve one or more of the tubes 26. As 1llustrated by
FIGS. 1 and 2, the first working fluid flowing along the first
flow path 34 can enter the tubes 26 through apertures formed
in the first header 18. In these embodiments, the first header
18 can also direct the second working fluid from the second
inlet aperture 42 between adjacent tubes 26 and can prevent
the second working fluid from flowing into the tubes 26. The
first header 18 can also prevent the first working fluid from
flowing between the tubes 26.

In the illustrated embodiment, the heat exchanger 10 1s
configured as a cross-tlow heat exchanger such that the first
flow path 34 or a portion of the first flow path 34 1s opposite
to the second tlow path 36 or a portion of the second tlow path
36. In other embodiments, the heat exchanger 10 can have
other configurations and arrangements, such as, for example,
a parallel-flow or a counter-flow configuration.

In the 1illustrated embodiment, the heat exchanger 10 1s
configured as a single-pass heat exchanger with the first
working fluid traveling along the first flow path 34 through at
least one of anumber of tubes 26 and with the second working
fluid traveling along the second flow path 36 between adja-
cent tubes 26. In other embodiments, the heat exchanger 10
can be configured as a multi-pass heat exchanger with the first
working fluid traveling 1n a first pass through one or more of
the tubes 26 and then traveling 1n a second pass through one
or more different tubes 26 1n a direction opposite to the flow
direction of the first working fluid in the first pass. In these
embodiments, the second working tluid can travel along the
second flow path 36 between adjacent tubes 26.

In yet other embodiments, the heat exchanger 10 can be
configured as a multi-pass heat exchanger with the second
working flmid traveling 1n a first pass between a {irst pair of
adjacent tubes 26 and then traveling 1n a second pass between
another pair ol adjacent tubes 26 1n a direction opposite to the
flow direction of the second working fluid 1n the first pass. In
these embodiments, the first working fluid can travel along
the first tlow path 34 through at least one of the tubes 26.

In the illustrated embodiment, the heat exchanger 10
includes seven tubes 26, each of which has a substantially
rectangular cross-sectional shape. In other embodiments, the
heat exchanger 10 can include one, two, three, four, five, six,
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eight, or more tubes 26, each of which can have a triangular,
circular, square or other polygonal, oval, or 1rregular cross-
sectional shape.

As mentioned above, 1n some embodiments, the second
flow path 36 or a portion o the second tlow path 36 can extend
across the outer surface 28 of one or more of the tubes 26. In
some such embodiments, ribs 56 (see FI1G. 3) can be formed
along the outer surfaces 28 of the tubes 26 to at least partially
define channels 58 between adjacent tubes 26. Alternatively,
as shown 1n FIG. 5, the tubes 26 of the heat exchanger 10 can
be generally oval shaped (i.e., a simple extruded tube) and
devoid of ribs 56 defining channels 58. A housing can be
provided around the tubes 26 to prevent the second fluid from
leaking out of the heat exchanger 10 between adjacent tubes
26. In such an embodiment, the housing would define the
second flow path 36 between/around the tubes 26.

In embodiments, such as the illustrated embodiment of
FIGS. 1-4, having outwardly extending ribs 56, the ribs 56 of
cach tube 26 can be secured to an adjacent tube 26. In some
such embodiments, the ribs 56 of one tube 26 can be soldered,
brazed, or welded to an adjacent tube 26. In other embodi-
ments, adjacent tubes 26 can be secured together with inter-
engaging fasteners, other conventional fasteners, adhesive or
cohesive bonding material, by an interference fit, etc. In addi-
tion, a housing can be provided around the tubes 26 of the
embodiment 1llustrated 1n FIGS. 1-4.

Additional elevations, recesses, or deformations 64 can
also or alternatively be provided on the outer surfaces 28 of
the tubes 26 to provide structural support to the heat
exchanger 10, prevent the deformation or crushing of one or
more tubes 26, maintain a desired spacing between adjacent
tubes 26, improve heat exchange between the first and second
working fluids, and/or generate turbulence along one or both
of the first and second tlow paths 34, 36.

The heat exchanger 10 can include fins 66, which improve
heat transier between the first and second working fluids as
the first and second working fluids travel along the first and
second flow paths 34, 36, respectively. The fins 66 can pro-
vide the heat exchanger core (1.¢., the tubes 26) with increased
surface area for distribution of the heat provided by the first
and/or second working fluids. As shown 1n FIGS. 2, 3, and 5,
the fins 66 can be positioned in the tubes 26. Alternatively or
in addition, fins 66 can be positioned between adjacent tubes
26. In other embodiments, fins 66 can be integrally formed
with the tubes 26 and can extend outwardly from the outer
surfaces 28 of the tubes 26, or alternatively, inwardly from
inner surfaces 38 of the tubes 26. In some embodiments, the
fins 66 can improve the durability and strength of the heat
exchanger 10. The configurations (geometrical and topo-
graphical) of the fins 66 can be such that the expansion and
contraction experienced by the material due to thermal fluc-
tuations can be compensated for with increased tlexibility
(discussed 1n further detail below).

In the illustrated embodiment of FIG. 2, a fin 66 1s sup-
ported in each of the tubes 26, and extends along the entire
length or substantially the entire length of each of the tubes 26
between opposite ends 68 of the tubes 26. As FIG. 2 1llus-
trates, the fin 66 can also or alternatively extend across the
entire width or substantially the entire width of each of the
tubes 26 between opposite sides of the tubes 26. In other
embodiments, a fin 26 can be supported 1n only one or less
than all of the tubes 26, and the fin(s) 66 can extend substan-
tially the entire length of the tube(s) 26 between opposite ends
68 of the tube(s) 26, or alternatively, the fin(s) 66 can extend
through the tube(s) 26 along substantially less than the entire
length of the tube(s) 26. In still other embodiments, two or
more fins 66 can be supported by or 1n each tube 26. In some
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embodiments, the fins 66 can be secured to the tubes 26. In
some such embodiments, the fins 66 are soldered, brazed, or
welded to the tubes 26. In other embodiments, the fins 26 can
be connected to the tubes 26 in another manner, such as, for
example, by an imterference fit, adhesive or cohesive bonding
material, fasteners, etc.

In some embodiments, the ends 68 of the tubes 26 can be
press-1it into one or both of the first and second headers 18,
20. In some such embodiments, the ends 68 of the tubes 26
and the fins 66 supported in the tubes 26 or between the tubes
26 can be at least partially deformed when the tubes 26 and/or

the fins 66 are press-fit into the first and/or second headers 18,
20. As such, the tubes 26 and/or the fins 66 are pinched and
maintained in compression to secure the tubes 26 and/or the
{ins 66 1n a desired orientation and to prevent leaking. In some
embodiments, the tubes 26 can be brazed, soldered, or welded
to the first and/or second headers 18, 20.

In the 1llustrated embodiments, roll-formed sheets of metal
are folded to form the fins 66 1n a method that will be
described 1n further detail below. In other embodiments, the
fins 66 can be cast or molded 1n a desired shape and can be
formed from other matenals (e.g., aluminum, copper, 1ron,
and other metals, composite material, alloys, and the like). In
still other embodiments, the fins 66 can be cut or machined to
shape 1n any manner, can be extruded or pressed, can be
manufactured 1n any combination of such operations, and the
like.

As most clearly shown in FIGS. 3 and 7, the fin 66 can be
corrugated and have an overall length L, width W, and height
H. The length L of the {in 66 1s defined as the general direction
of fluid flow within the tube 26 (1.¢., from the first header 18
to the second header 20). As shown 1n the embodiment illus-
trated 1n FIG. 3, each fold forms a serpentine spine 76 that
extends generally 1n parallel to the length L of the fin 66.

The 1llustrated embodiment of the fin 66 includes a series
ol parallel-running spines 76 that form alternating peaks 78
and valleys 80 along the width W of the fin 66. As shown 1n
FIG. 2, the peaks 78 and valleys 80 can engage respective
upper and lower interior sides (e.g., between upper and lower
sides 1n FIGS. 2, 3, and 5) of a tube 26. In the 1llustrated
embodiment, legs or flanks 82 extend between each pair of
adjacentfolds (1.e., from a peak 78 to a valley 80 or vice versa)
along the length L, to give the fin 66 a height H. In addition,
the fins 66 of some embodiments can have pointed, squared,
or irregularly shaped peaks 78 and/or valleys 80. The result-
ing lateral edge of the fin 66 of the illustrated embodiment, as
shown 1n FIGS. 2 and 3 can be generally wavy. However, 1n
other embodiments, the lateral edge can be generally sinusoi-
dal or saw-toothed, among other shapes. The structural ele-
ments formed by each fold 76 of the corrugated fin 66 are
described more specifically with reference to FIGS. 4 and 6
below.

As illustrated by FIGS. 4 and 6, a first leg 82a can be at least
partially defined on one side of a spine 76 and a second leg
82bH can be at least partially defined on the other side of the
spine 76. Fold 76a 1s positioned immediately adjacent to the
first leg 82a and defines a height h of the leg 824. Similarly,
told 765 1s positioned at the distal end of the second leg 765,
which has the same height h. The space S between adjacent
legs 82a, 82b 1s defined as the distance between the points
located at the same distance along length L and height h of
cach leg 82. The legs 82 of the fin 66 can also have various
topographical configurations. For example, at one point along
the length L, the legs 82 can be convoluted or wavy (1.e., when
viewed from an end of the fin 66, and at another point along
the length L, the legs 82 can be straight.
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As shown 1 FIGS. 3-8, the legs 82 can include contour
clements such as recesses 86 and protrusions 88 spaced along
their length L. These elements are deformations 1n the mate-
rial that forms the fin 66 and do not pierce or provide connec-
tions between opposite sides of the fin 66. In some such
embodiments, a recess 86 formed on one side of a leg 82 can
consequently form a protrusion 88 on the opposite side of the
leg 82 (1.¢., arecess 86 1s a geometric complement of protru-
sion 88). The contour elements formed in the fin 66 can
appear as pyramid, frustum, prism, and/or hemispheroid-like
projections or recesses, among others. In the illustrated
embodiment, the contour elements each have two planes of
symmetry (one of which 1s the length L, space s plane, and the
other of which 1s the height h, space s plane). As such, the
upper half of the contour element 1s a mirror image of the
bottom half (with respect to the height h of the leg 82 it 1s
positioned on). Similarly, the left half of the contour element
1s a mirror image of the right half (with respect to the length
L of the leg 82 it 15 positioned on). In some embodiments, a
protrusion 86 in one leg 82a can be positioned such that 1t 1s
at least partially receivable 1n a recess 88 1n an adjacent leg
82b (1.e., at the same distance along height h and length L of
cach leg).

In some embodiments, contour elements can extend along
the entire height h of the leg 82 from one fold 76 to an adjacent
told 76 (1.e., from a peak 78 to an adjacent valley 80 or vice
versa). Each contour element has a width d, as shown i FIG.
6. In the 1llustrated embodiment, the width d also indicates the
spacing between similar contour elements. In other embodi-
ments, the spacing between similar contour elements can be
greater than the width d of an intervening or alternating con-
tour element.

As shown 1n FI1G. 4, the serpentine shape of the spine 76 1s
determined by the geometry and placement of the recesses 86
and protrusions 88. In the 1llustrated embodiments, recesses
86 arc alternated with protrusions 88 along the length L of
cach leg 82, and each of the contours extends between adja-
cent folds 76. Accordingly, a number of recesses 86 and a
number of protrusions 88 can be spaced along the edge of
cach fold 76. FIG. 4 includes reference measurements to
more clearly illustrate the geometry of the in 66. Specifically,
reference a indicates the distance between the midline of the
told 76 and the edge of a recess 86, reference b indicates the
distance between the midline of the fold 76 and the edge of a
protrusion 88, and reference ¢ indicates the lateral distance
(1.e., the direction normal to the length L of the fin and width
d of the contour element) from the edge of the contour ele-
ment at the fold 76, to 1ts outermost point/extension.

As 1llustrated in FIGS. 3-6, a {in 66 formed with longitu-
dinal rows of alternating contour elements 86, 88, can be
folded such that the space S between adjacent legs 82 at a
particular height h can be generally constant along their
length L. Thus, the tlow path cross-sectional area i1s essen-
tially constant along the length L between opposite ends 68 of
the tube 26. Accordingly, the first flow path 34 1s made cir-
cuitous and 1s consequently longer than a straighter flow path.
Such a fin configuration can increase turbulence of the work-
ing fluid and consequently allow for more efficient heat trans-
fer without causing significant pressure changes/buildup
along the length L of the fin 66. Additionally, contour ele-
ments formed 1n the fins 66 can impact the shape of the spine
76. For example, FIGS. 3-8 show how a pattern ol recesses 86
and protrusions 88—specifically longitudinal rows of the
continuously alternating contour elements—can create a ser-
pentine-shaped spine 76. As such, even the tlow path imme-
diately adjacent to the inner surfaces 38 of the tube 26 is
clongated and made circuitous. The serpentine shape of the
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spine 76 can also provide areinforced connection between the
tube 26 and the fin 66 which can also improve heat transfer.

In embodiments having fins 66 with wavy or contoured
cross-sections, such as the illustrated embodiments, the fins
66 operate as elastic members to absorb or at least partially
absorb vibrations and/or to absorb expansions and contrac-
tions of the fins 66 caused by fluctuating temperatures of the
first and/or second working fluids. In some such embodi-
ments, the elasticity of the contoured fins 66 prevents or
reduces cracking and breaking of the fins 66. Alternatively or
in addition, the elasticity of the contoured fins 66 prevents
and/or reduces cracking and breaking of connections (e.g.,
solder points, braze points, weld points, etc.) between the
spines 76 of the fins 66 and the interior sides of the tubes 26.

As shown 1n FIGS. 5-8, in some embodiments, contours
86, 88 can extend continuously from a first lateral edge 92 to
a second lateral edge 94, along the length L of a leg 82. In
other embodiments, such as those illustrated 1n FIGS. 2-4,
contours only extend continuously along the length L of a
middle portion of the fin 66, while the edges 92, 94 have a
different topographical configuration. For example, as shown
in the embodiments of FIGS. 3 and 4, the convolutions of the
fin 66 can start at a lateral edge 92 of a {in 66 and extend along
the length L of the fin 66 a common distance, dc. In some
embodiments, the convolutions can extend from a lateral edge
of the fin 66 to a point beyond the connection plane of the
header 18, with the stack of tubes 26. The contoured portion
can allow for changes 1n length L (1.e., longitudinal flexibil-
ity), while the convoluted edges can compensate for changes
in height h of the legs 82 (1.¢., vertical flexibility). This can be
desirable 1n embodiments where the height of the fin H 1s
constrained by connection to the inner surfaces 38 of the tube
26, especially where the tube ends 68 are further constrained
by the first and second headers 18, 20.

FIGS. 12-14 represent an alternate embodiment of a heat
exchanger fin 266 according to the present invention. The
portion of a heat exchanger fin 266 shown 1n FIGS. 6 and 7 1s
similar 1n many ways to the illustrated embodiments of FIGS.
1-8 described above. Accordingly, with the exception of
mutually inconsistent features and elements between the
embodiment of FIGS. 12-14 and the embodiments of FIGS.
1-8, reference 1s hereby made to the description above accom-
panying the embodiments of FIGS. 1-8 for a more complete
description of the features and elements (and alternatives
and/or additions to the features and elements) of the embodi-
ment of FIGS. 12-14. Features and elements 1n the embodi-
ment of FIGS. 12-14 corresponding to features and elements
in the embodiments of FIGS. 1-8 are numbered 1n the 200
Series.

As 1llustrated 1n FIGS. 12-14, fin 266 can have convolu-
tions 270 extending from the lateral edges 292, 294 a dis-
tance, dc (1.e., parallel to length, L) along the leg 282 of the fin
266, 1n a direction parallel to the folds 276 that define the leg
282. In other embodiments, convolutions 270 can be posi-
tioned along the fin 266 at a location that 1s not immediately
adjacent a lateral edge 292, 294. Any number of convolutions
270 can be provided on a portion of leg 282, and the number
of convolutions 270 can be consistent or vary from leg portion
to leg portion (and/or from lateral edge 292 to lateral edge
294, and/or from fin 266 to fin 266, ctc.). In addition, the
geometrical shape of the convolutions 270 can vary from
rounded to pointed. The number of differing shape convolu-
tions 270 can be consistent or vary from leg portion to leg

portion (and/or from lateral edge 292 to lateral edge 294,
and/or from {in 266 to fin 266, ctc.). Further, as shown 1n the
illustrated embodiment of FIG. 14, the height, hc of each

convolution, the total convoluted height, cc (see FIG. 12) on
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a particular leg 282, and the height, hs of any space (area lying
in the plane of leg 282) between convolutions 270 can be
consistent or vary from leg portion to leg portion (and/or from
lateral edge 292 to lateral edge 294, and/or from {in 266 to fin
266, ctc.).

Convolutions 270 can include beads 272 and dimples 274
that alternate along the height h of the fin 266. In general, a
bead 272 1s a convolution 270 projecting 1n one direction from
the plane of a leg 282 (defined by a point adjacent each of the
folds defining the leg and one other point on the leg 282),
while a dimple 274 1s a convolution projecting in the opposite
direction from the plane of a leg 282. In order to clarify the
tollowing explanation, the following naming convention will
be followed: when the surface of any particular leg 282 1s
viewed, beads 272 will extend away from the viewer while
dimples 274 will extend toward the viewer. As such, 1t should
be understood that two or more dimples 274 could be posi-
tioned adjacent each other (as could two or more beads 272).

FIGS. 12-14 1llustrate that convolutions 270 on a single leg
282 can extend varying distances, dc along the length L. of the
1in 266. For example, in FI1G. 12, the uppermost convolution,
dimple 274, extends from lateral edge 292 of the fin 266 a
distance, dc less than the adjacent convolution, bead 272
(immediately below the uppermost convolution). Further,
two non-adjacent convolutions 290 can extend the same dis-
tance, dc (1.e., have the same length)-dimples 274 1n FIG. 12
or dimple 274 and bead 272 in FIG. 13 for example. In other
embodiments two or more adjacent convolutions 270 can
extend the same distance, dc along the length L of the leg. In
addition, the lengths of corresponding convolutions 270 (i.e.,
convolutions at the same height h—for example, 274a and
274b 1n FI1G. 14) on adjacent legs 282 can be different or
similar depending on the embodiment of the invention.

Alternatively or 1n addition, convolutions 270 can extend to
different endpoints with respect to contour elements 286,
288. For example, 1n FIG. 12, the middle convolution, bead
272, extends from lateral edge 292 of the fin 266 nto the
protrusion 288 most proximal to the lateral edge 292. In such
embodiments, adjacent ends of two of the convolutions 270
are oriented along, or intersected by, a line 296 which 1s
non-perpendicular to the flow of working fluid along the flow
path. As illustrated in the embodiment of FIG. 13, the upper-
most convolution, bead 272, extends the farthest of all the
convolutions on leg 282a and terminates immediately adja-
cent the contour element, recess 286. As 1illustrated 1n the
embodiment of FIG. 14, the middle convolution 270 extends
to an end point a distance away from the protrusion 288 most
proximal to lateral edge 292.

In some embodiments of the present invention, spaces 284
(area lying 1n the plane of leg 282) can be provided between
convolutions 270 and/or between a convolution 270 and a
told 276. As illustrated 1 FIG. 12, space 284 1s provided
between the uppermost dimple 274 and peak 278. In another
exampleillustrated 1n F1G. 13, space 284 1s provided between
the lowermost bead 272 and valley 280.

It should be understood that any of the features or elements
described above, particularly but not exclusively with respect
to convolutions 270, can be provided on any, all, or none of the
fins 266 1n a heat exchanger 210 and/or the portions of a heat
exchanger fin 266 (leg 282, fold 276, lateral edge 292, 294,
etc.). Further, convolutions 270 can be provided on fins 266
having through-holes and/or cut outs 1n the leg 282 of the fin
266 (such as disclosed in U.S. patent application Ser. No.
11/367,611, hereby incorporated by reference), alternatively
or 1n addition to contour elements 286, 288. Contour elements
286, 288 can, 1n some embodiments, be 1solated from (1.e., not

extend 1nto) the folds 276 of the fin 266 as shown in FIGS.
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12-14. Still turther, convolutions 270 can be provided on the
legs of fins 266 having louvers, slits or notches (such as
disclosed i U.S. patent application Ser. No. 11/015,139), a
combination of such features, and/or having no contour ele-
ments 286, 288 at all.

In embodiments having fins 266 with convolutions 270,
such as the illustrated embodiments of FIGS. 3, 4, and 12-14,
the fins 266 operate as elastic members to absorb or at least
partially absorb vibrations and/or to absorb expansions and
contractions of the fins 266 caused by fluctuating tempera-
tures of the first and/or second working fluids. In some such
embodiments, the elasticity of the contoured fins 266 in the
region of the convolutions prevents or reduces cracking and
breaking of the fins 66 and/or cracking and breaking of con-
nections (e.g., solder points, braze points, weld points, etc.)
between the spines 276 of the fins 266 and the interior sides of
the tubes 226. Further, 1n the case that cracking does occur in
such embodiments, a staggered profile 290 (see FIG. 14)
where the convolutions 270 terminate along the height h of
the leg (distal from the lateral edges 292, 294 of the fin 266)
can force the crack to propagate a longer distance (1n some
cases following the profile 290) toward the connection points
of the fin 266 with iner surfaces 238 of the tube 226) which
can take longer to occur, thus extending the functional life of
the heat exchanger 210. Alternatively or in addition, a varied
staggered profile 290 of convolutions 270 adjacent legs 282
can cause cracks to propagate toward the inner surfaces 238 of
the tube 226 at different positions along the length L of the
tube, reducing the tendency of the tube 1tself to crack (and/or
the extent of cracking), thereby preserving the isolation of
first and second flow paths 234, 236 and extending the func-
tional life of the heat exchanger 210.

FIG. 9 1llustrates a method of forming a fin 66 for a heat
exchanger 10 according to some embodiments of the present
invention. The method involves roll-forming a pattern of
recesses 86 and protrusions 88 1nto a sheet of deformable heat
conducting material 100 (e.g, aluminum, copper, bronze, and
alloys including one or more of these metals). To clarify the
description, the process of contour formation 1s shown 1n FIG.
9 (and discussed with reference to FIG. 9) as occurring in two
distinct and consecutive steps for a particular longitudinally-
located, lateral section of the sheet. First, at the right-hand
side of the figure, recesses 86 are roll-formed, then, to the left
of that, protrusions 88 are roll-formed. However, in practice,
roll-formation of recesses 86 and protrusions 88 can be
executed simultaneously (as described and illustrated with
respectto the alternative embodiments shown in FIGS. 10 and
11 below). Whether the recesses 86 and protrusions 88 are
formed consecutively or simultaneously, the roll-formed fin
66 1n F1G. 9 then undergoes a folding process (right-hand side
of the figure) to create spines 76. The steps discussed above
can be incorporated into a high-speed assembly process
which 1s described 1n more detail below.

As shown 1n FIG. 9, the method can make use of a first
cylindrically-shaped roller 102 having projections 104 posi-
tioned 1n longitudinal rows along 1ts curved exterior surface
106. The first roller 102 can be rotated about 1ts axis 108 as it
makes contact with a first side 110 of the sheet of deformable
material 100, positioned tangentially with respect to the
curved surface 106. The weight of the first roller 102 can be
used to exert pressure on the deformable material such that
the projections 104 form recesses 86 in the material 100. In
other embodiments, the sheet of material 100 can be forced
into contact with the roller 100 by other means to form
recesses 86.

The shape and size of the projections 104 with respect to
the thickness of the sheet of material 100 can be such that the
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recesses 86 formed by contact of projections 104 with the first
side 110 of the sheet of deformable material 100 create their
geometric complement on a second side (not visible) of the
sheet 100 which 1s opposite to the first side 110. Thus,
recesses 86 and protrusions 88 can be simultaneously formed
on the first side 110 and an opposite second side of the sheet
100, respectively.

A second cylindrically-shaped roller 112 having projec-
tions 114 positioned 1n longitudinal rows along 1ts curved
surface 116 can be positioned adjacent to the opposite side of
the sheet 100 from the first roller 102. The second roller 112
can also be rotated about its axis 118 as 1t makes contact with
the second side of the sheet of deformable material 100,
positioned tangentially with respect to the curved surface
116. In this way, recesses 86 can be formed on the second side
of the sheet 100, and corresponding projections 88 can be
tformed on the first side 110.

The rollers 102, 112 can be formed by axially stacking
cylindrical disks, the boundaries of which are illustrated by
dashed lines 1in FIG. 9. In some embodiments, disks with
various shaped projections 114 and/or circumierential spac-
ing between projections 114 can be assembled 1nto a roller
that will form fins 66 with different dimensions and geogra-
phies. Similarly, the disks can be circumierentially staggered
to provide fins 66 with more or less space between rows of
contour elements, which can result in wider or narrower
spines 76. The rollers 102, 112 can be arranged with respect
to each other such that the recesses 86 and protrusions 88 on
cach side of the sheet are formed at specific locations with
respect to each other. For example, FIGS. 7-9 illustrate how
the rollers 102, 112 can be aligned to form lateral and longi-
tudinal rows of alternating recesses 86 and protrusions 88
along the sheet 100. The lateral rows are separated by narrow
gaps where the sheet 100 can be folded to form corrugations
such that the lateral rows become legs 82 and the gaps become
spines 76. In the 1llustrated embodiment, the rollers 102, 112
are staggered slightly to form serpentine-shaped spines 76. In
other embodiments, the rollers 102, 112 can be aligned to
form straight spines 76. In still other embodiments, the posi-
tioming, size, and/or shape of the projections 104, 114 on the
firstand/or second rollers 102,112 can be varied to change the
geometry and/or topography of the fin 66. In still other
embodiments, curved surfaces 106, 116 of the rollers 102,
112 can be provided with indentions corresponding (1.€., 1n
location, size, shape, etc.) to the projections 114, 104 in the

opposingroller 112, 102, 1n order to better define the contours
formed 1n the sheet 100.

FI1G. 101llustrates a method of forming fins 66 according to
another embodiment of the invention. The method 1llustrated
in FIG. 10 uses star-shaped rollers to simultaneously form
contour elements and partially fold the fin 66. A first star-
shaped disk 120 represents a first star-shaped roller that 1s
positioned on a first side 110 of a sheet of deformable material
100 1n the illustrated embodiment of FIG. 10. Along the
circumierence of the first disk 120, alternating ridges 122 and
crevasses 124 create the star shape of the disk. The ndges 122
and crevasses 124 can contribute to the formation of peaks 78
and valleys 80 as will be described 1n further detail below.
Between each ridge 122 and crevasse 124 1s formed a projec-
tion 126 or an indention 128. The projections 126 and inden-
tions 128 can form recesses 86 and protrusions 88 1n the fin as
will also be discussed in further detail below. In some
embodiments, such as the illustrated embodiment, the pro-
jections 126 and indentions 128 can be geometric comple-
ments and have multiple planes of symmetry as discussed
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previously with respect to recesses 86 and protrusions 88. In
other embodiments, the ridges 122 can be geometric comple-
ments of crevasses 124.

A second star-shaped disk 130 in FIG. 10 represents a
second star-shaped roller that can have alternating ridges 132
and crevasses 134 that separate alternating projections 136
and indentions 138 similar (1.¢., 1n shape, size, etc.) to those of
the first disk 120. Alternatively or 1n addition, the projections
136 can be geometric complements of indentions 128 and
projections 126 can be geometric complements of indentions
138, in which case, projections 126, 136 need not be geomet-
ric complements of indentions 128, 138 on the same disk. The

second star-shaped disk 130 1s positioned on a second side
140 of the sheet of material 100.

The first and second star-shaped disks 120, 130 can be
positioned with respect to each other such that each ridge 122
of the first disk 120 fits within a crevasse 134 of the second
disk 130 and each ridge 132 of the second disk 130 fits within
a crevasse 124 of the first disk 120 as the disks 120, 130 turn
on their respective axes. Thus, when the sheet of deformable
material 100 1s fed between the star-shaped disks 120, 130,
the corresponding ridges 122 and crevasses 134 fold the
material to form peaks 78, and corresponding ridges 132 and
crevasses 124 fold the material to form valleys 80. Similarly,
the projections 126, 136 and corresponding imndentions 138,
128 form recesses 86 and protrusions 88 1n the fin 66.

Star-shaped rollers can be made up of star-shaped disks
120 that are stacked axially, similar to the arrangement dis-
cussed above with respect to the embodiment of FIG. 9. FIG.
11 1llustrates how these star-shaped disks 120 can be stacked
in an alternating arrangement such that a projection 126 1n
one disk 1s positioned adjacent an indention 128 1n a second
disk. Adjacent disks can be staggered such that the ridges 122
and crevasses 124 1n one disk are not in direct alignment with
the ridges 122 and crevasses 124 1n a second disk, as shown in
FIG. 11. By complementary positioning of two star-shaped
rolls having this arrangement of disks, a {in 66 can be formed
having serpentine spines 76, as shown 1n FIGS. 3-8.

After the fins 66 have been roll-formed and folded, they can
be cut to the appropriate size and then fined 1nto tubes 26. In
other embodiments, the fins 66 can be cut belfore they are
folded. Alternatively, the tubes 26 can be assembled around
the fins 66. In still other embodiments, the tubes 26 and the
fins 66 can be cut to size simultaneously.

The embodiments described above and illustrated 1n the
figures are presented by way of example only and are not
intended as a limitation upon the concepts and principles of
the present mvention. As such, it will be appreciated by one
having ordinary skill in the art that various changes in the
clements and their configuration and arrangement are pos-
sible without departing from the spirit and scope of the
present invention.

What 1s claimed 1s:

1. A corrugated fin for a heat exchanger, the heat exchanger
having a flow path of a first working fluid and a flow path of
a second working fluid and being operable to transfer heat
between the first and second working fluids, the fin compris-
ng:

a leg defined between adjacent folds and positionable

along the flow path of the first working fluid; and

a plurality of convolutions extending inwardly from a distal

end of the leg, at least some of the plurality of convolu-
tions having different lengths 1n the direction of the flow
of the first working fluid along the tflow path,

wherein the plurality of convolutions include three adja-

cent convolutions, and wherein two of the three convo-
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lutions have similar lengths in a direction substantially
parallel to a spine formed between the leg and an adja-
cent leg.

2. The corrugated {in of claim 1, wherein at least one of the
plurality of convolutions terminates adjacent to a contour
extending along the leg.

3. The corrugated fin of claim 1, wherein at least two
non-adjacent ones of the plurality of convolutions extend
inwardly a common distance 1n the direction of the flow of the
first working fluid along the tlow path.

4. The corrugated fin of claim 1, wherein the corrugated fin
includes a plurality of adjacent legs, each of the plurality of
adjacent legs including a plurality of convolutions extending
inwardly from distal ends of the legs and terminating at dii-
terent distances from the ends in the direction of the flow of
the first working tluid along the tflow path.

5. The corrugated fin of claim 1, wherein adjacent ends of
at least two of the plurality of convolutions are intersected by
a line which 1s non-perpendicular to the flow of the first
working fluid along the first flow path.

6. The corrugated fin of claim 1, wherein the two of the
three convolutions are shorter than the other of the three
convolutions 1n the direction substantially parallel to the
spine.

7. The corrugated fin of claim 1, wherein the two of the
three convolutions are positioned on opposite sides of the
other of the three convolutions.

8. The corrugated fin of claim 1, wherein the two of the
three convolutions are positioned adjacent each other.

9. A corrugated fin for a heat exchanger, the heat exchanger
having a flow path of a first working fluid and a flow path of
a second working fluid and being operable to transier heat
between the first and second working fluids, the fin compris-
ng:

a leg defined between adjacent folds and positionable

along the tlow path of the first working fluid; and

a plurality of convolutions extending inwardly from a distal

end of the leg and having different lengths in the direc-
tion of the flow of the first working fluid along the flow
path,
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wherein the plurality of convolutions include at least three
adjacent convolutions with a middle one of the convo-
lutions having a greater length 1n a direction substan-
tially parallel to a spine formed between the leg and an
adjacent leg.

10. A corrugated fin for a heat exchanger, the heat
exchanger having a flow path of a first working fluid and a
flow path of a second working fluid and being operable to
transier heat between the first and second working fluids, the
{in comprising:

a leg defined between adjacent folds and positionable

along the tflow path of the first working fluid; and

a plurality of convolutions extending inwardly from a distal

end of the leg and having different lengths 1n the direc-
tion of the flow of the first working fluid along the tlow
path,

wherein opposite ends of the leg are secured between tube

walls and, 1n a region of connection of the tubes to a
collecting tank, the convolutions are configured to com-
pensate for length changes 1n a stacking direction of the
tubes caused by temperature changes.

11. A corrugated fin for a heat exchanger, the heat
exchanger having a flow path of a first working fluid and a
flow path of a second working fluid and being operable to
transier heat between the first and second working fluids, the
{in comprising:

a leg defined between adjacent folds and positionable

along the tlow path of the first working fluid; and

a plurality of convolutions extending inwardly from a distal

end of the leg and having different lengths 1n the direc-
tion of the flow of the first working fluid along the tlow
path,

turther comprising a plurality of adjacent legs, each of the

plurality of adjacent legs including a plurality of convo-
lutions extending inwardly from distal ends of the legs
and terminating at a distance 1n the direction of the flow
of the first working fluid along the flow path different
than a corresponding convolution of an adjacent leg.
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